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SOLIDIFICATION MODELING OF CENTRIFUGAL CASTING
Stephen M. Lane
Advisor: Dr. Donald R. Askeland
Department of Metallurgical Engineering
ABSTRACT
This paper describes the methodology used to estimate the solidification time of castings
produced by processes in which normal thermal analysis cannot be used, such as centrifugal
casting. This methodology utilizes the relationship between microstructure, in particular
secondary dendrite arm spacing (SDAS), and freezing time. Using this method it is shown that
position within the casting and casting geometry affect the SDAS and freezing time. However,
the SDAS did not vary across the wall section due to differences in filling pattern compared to
sand casting. Further research is necessary to determine filling pattern effects on microstructure.
INTRODUCTION
Controlling the structure produced in a casting is extremely important to the metals
casting industry. The structure provides a vital link to the mechanical properties, such as
ductility, strength, and toughness of a material. The structure, however, is controlled by the way
that a casting solidifies. Therefore, the solidification time for a casting is an important parameter
for cast products. The solidification time is also of paramount importance to the economic side
of industry. Consequently, the production rate and process efficiency can be controlled if the
solidification time is known.
The cast structure formed as a result of
solidification often contains a dendritic structure.
Dendrites typically nucleate on the mold wall and grow
inward as the rest of the metal solidifies, Figure 1. The
growth of dendrites is important because we can relate
the secondary dendrite arm spacing (SDAS) to the
solidification time by the following relationship:
SDAS = C x t n
Secondary dendrite
arm spacing

where C is a constant, t is solidification time, and n is
the slope of the SDAS versus solidification time curve.
For all of the various types of casting methods,
whether die, sand, or centrifugal casting, the relationship
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Figure 1. Dendrite Schematic.

between solidification time and the casting’s microstructure is the same. In normal static casting,
the solidification time can be measured by using thermocouples to generate cooling curves.
Consequently, the SDAS can be related to solidification time and casting geometry.
CENTRIFUGAL CASTING
Centrifugal casting operates on the
premise that the mold is spinning while
the molten metal is introduced through a
center-mounted pouring cup, as Figure 2
illustrates. Some commonly manufactured
products using centrifugal casting are
railroad wheels and piping. The pipe
industry benefits from centrifugal casting
because coring of the mold is not
necessary.
Unlike conventional processes, the
solidification time cannot be measured
directly in a centrifugal casting because
the mold is rotating. However, because
all cast structures solidify the same way
for a given alloy system, thermal analysis
conducted for a green sand mold can be Figure 2. Centrifugal Caster.
compared to the dendritic structure that
results. In this way, a relationship can be developed between microstructure and freezing time
for green sand casting and can then be applied to centrifugal casting. Consequently, the
solidification time for a centrifugal casting can be determined from the centrifugally cast
structure.
Then, these structures and times can be used to understand differences in
microstructure throughout the casting and
from one casting size to another, even
when the freezing time cannot actually be
measured experimentally.
EXPERIMENTAL PROCEDURE
A 356 aluminum alloy was used to
develop the method for estimating
solidification times.
356 aluminum
contains 6-7%
silicon and 0.3%
magnesium. The freezing range of 356
aluminum is relatively long, and a
dendritic structure surrounded by a
eutectic structure is produced, Figure 3.
A green sand mold was made for static

Figure 3. 356 Aluminum Microstructure.
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casting.
The static step block casting
contained a thermocouple at each of the three
section thicknesses on the step block. The
thermocouples were connected to a strip chart
T H E R M O C O U PL E
recorder that would generate a cooling curve
for that section. Figure 4 is a schematic of
the step block setup.
Having prepared the green sand mold
and while the metal was being melted in the
furnace, the graphite mold in the centrifugal
caster was preheated using a propane gas
torch. To uniformly heat the mold, the mold
was allowed to rotate while being preheated
for approximately twenty minutes. The mold
temperature at the time of pouring was 300
degrees Celsius (C). The mold temperature
was measured by placing a thermocouple on
Figure 4. Step Block Schematic.
the surface of the mold.
Once the static mold was made, the
graphite mold was preheated, and the metal was melted, the strip chart recorders could be hooked
up and turned on. The pouring temperature of the metal was 760 degrees C. After the
temperature was taken, the metal was immediately poured into the static casting and the spinning
graphite mold. The centrifugal caster was allowed to run for 5 minutes to assure complete
solidification.
The strip chart recorders were allowed to run until the metal had solidified in the static
mold. This was noted by the plateaus on the cooling curves. Figure 5 illustrates two plateaus
for 356 Al. The liquidus and eutectic plateaus were observed. The first plateau is the liquidus
arrest, where the liquid metal first begins to solidify. The second, or eutectic, plateau occurs
when the remaining liquid reaches the eutectic composition and freezes at the eutectic
temperature.
At the eutectic
composition the liquid metal solidifies
into two distinctly different phases (as
seen in Figure 3) in between the pure
aluminum dendrites. As shown in
Figure 5, the local and total
solidification times are related to the
two plateaus. The local solidification
time (LST) marks the solidification of
the first metal (liquidus plateau) to the
last metal to solidify (eutectic). The
total solidification time (TST) is
measured from when the metal is
poured until the last metal solidifies.
Samples from the step block
Figure 5. Cooling Curve.
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were taken next to the position of the thermocouple. The
samples were mounted and polished according to standard
metallographic techniques. A 0.5% hydrofluoric acid etch was
employed
to
enhance
the dendritic
microstructure.
Photomicrographs were taken at 100X magnification in selected
locations on the samples using a Nikon metallograph.
Measurements were made of the dimensions of the
centrifugal casting and recorded using the notation described in
Figure 6 and Table I. The casting did not have uniform
dimensions. The casting was thicker on one side compared to
the other, and was also thicker on the top and bottom compared
to the middle. Noting that the wall thickness varied around the
circumference of the casting, the thinnest and thickest sections
were used for further measurement and analysis. The thinnest
section was denoted 0 degrees, and the thickest section was
denoted 180 degrees because of its position with respect to 0
degrees. Figure 7 and Table II show the variation in thickness
along the height of the centrifugal casting.

Position
Top
Bottom

Notation.

TABLE I. WALL THICKNESS OF CC
(Thickness in inches)
0 deg
180 deg
90 deg
0.745 ~
0.605
0.690~
0.957
0.820
0.885

270 deg
0.687 ~
0.869

TABLE II. VARIATION IN HEIGHT
(Thickness in inches)
Pasilion_____ 0 deg________180 deg
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.75

0.605
0.599
0.609
0.622
0.633
0.645
0.653
0.665
0.695
0.740
0.782
0.820

THICKNESS vs POSITION

0.745
0.730
0.739
0.748
0.753
0.759
0.763
0.772
0.808
0.862
0.915
0.957

At the 0 and 180 degree positions,
samples were taken one inch from the top

356 Al A LLO Y CENTRIFUGAL CASTING

0 DEGREES

—

180 DEGREES

Figure 7. Thickness vs Position.
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and bottom and at the center section for
microstructural analysis. A representative
portion of the centrifugal casting was
obtained by sampling at these six
locations. Each of these samples was
mounted, polished according to standard
metallographic techniques, and etched in
0.5%
hydrofluoric
acid.
Photomicrographs at 100X magnification
were also obtained at selected locations on
the sample.
The SDAS was measured from the
photomicrographs as shown in Figure 8.
The spacing is measured from center to
Figure 8. SDAS Calculation.
center on as many aligned dendrites as
possible. This length is then divided by
the number of dendrites measured and the magnification of the photomicrograph. The calculated
number then represents an average SDAS for that line of dendrites. This procedure was used at
three or more locations on the photomicrograph to obtain an average SDAS for each casting
location. Table ID contains the SDAS measurements at the various locations on the static and
centrifugal castings, using the following equation for SDAS:

SDAS - L e n g t h /

P o s itio n

0.5 inch (static)
1.0 inch (static)
0 deg top
0 deg mid
0 deg bot
180 deg top
180 deg mid
180 deg bot

(n u m b e r o f d e n d r i t e s )

x (M a g n i f i c a t i o n )

TABLE ID. SDAS vs POSITION
(SDAS in cm)
C e n te r
Outside
In sid e

- - -

—

0.0026
0.0031
0.0027
0.0029
0.0030
0.0032

0.0026
0.0032
0.0027
0.0027
0.0034
0.0028

—
0.0029
0.0031
0.0026
0.0029
0.0034
0.0028

A verage

0.0043
0.0050
0.0027
0.0031
0.0027
0.0028
0.0032
0.0030

RESULTS AND DISCUSSION
The analysis of the static casting microstructure was an important part of the model,
because these results would be used to determine the solidification time for the centrifugal
casting. Figures 9 and 10 show that the relationship between microstructure and solidification
-2 0 1 -

time was valid. The circled data points
represent the 0.5 inch and 1 inch sections
of the static casting and are consistent
SDAS vs LST
with other historical data of 356 aluminum
356 A l ALLOY
static castings. The 1.5 inch section could
not be used because the thermocouple in
that section shifted during pouring and
was not in the center of the casting.
Analysis of the centrifugal casting
revealed variations in thickness around the
circumference and from top to bottom in
the wall section, as shown in Tables I and
II. It should be noted that, because of the
geometry of a centrifugal casting, the top
and bottom sections are in contact with
two confining surfaces of the mold while
the middle section is only in contact with
one mold surface.
In analyzing the results from these Figure 9. SDAS vs LST.
experiments, several trends were noticed.
In the overall casting, the data indicates
that the middle section solidified last. It was also noticed that the top section of the centrifugal
casting solidified before the bottom solidified. Because the shape of the casting was not uniform
around the circumference, there was a difference in wall thickness. At the thickest wall section,
the SDAS was found to be larger.
Finally, the SDAS across the section
thickness at any given point did not seem
to be uniform. Figure 11 represents the
overall results of the SDAS in relation to
SDAS vs TST
the sample’s position in the centrifugal
356 Al A LLOY
casting.
Figure 11 and Table III show that
the middle sections have the largest
SDAS. This indicates that the middle of
the casting was the last to solidify. This
data is reasonable; the middle section had
the slowest rate of heat escape, because it
was only in contact with one mold wall,
even though the thickness of the middle
section was small. The chilling effect of
two mold surfaces outweighed the effect
of the smaller wall thickness.
Table III also describes the second
trend. The top and bottom sections of the
Figure 10. SDAS vs TST.
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casting solidified first because they were
cooled in two directions. However, of
these two sections, the top solidified
faster. This is expected because the top
wall thickness was smaller than that of the
bottom; therefore, there is an effect of
wall thickness on solidification time.
The 180 degree position had a
thicker wall section than the 0 degree
position, and consequently showed the
largest SDAS. The larger SDAS also
represents a longer solidification time for
the 180 degree position. Figure 12 shows
the relationship of SDAS at the center
position on each wall thickness.
From Figure 11, we see that there
is no definite trend across a wall section
from outside to inside. Theoretically we
would expect the outer, or mold, surface
to have the smallest SDAS because it is in
contact with the mold wall and has the
fastest cooling rate. Because this trend was not witnessed in the centrifugal casting, the filling
pattern must be quite different from the static casting. This different filling pattern could result
in the similar SDAS and solidification time across the wall thickness.
The calculated solidification times
in Table IV are for the centrifugal casting.
These times are much shorter than that of
static castings (about 5 minutes for a
similar
casting
thickness)
and
consequently generate a smaller SDAS.
SDAS vs WALL THICKNESS
356 At ALLOY CENTRIFUGAL CASTING
Figure 13 illustrates this relationship for
the centrifugal casting produced in this
experiment.
TABLE IV. TYPICAL
SOLIDIFICATION TIMES
Position_____ SDAS (cm)___TST (min)
0 deg top
0 deg mid
0 deg bot
180 deg top
180 deg mid
180 deg bot

0.0027
0.0031
0.0027
0.0028
0.0032
0.0030

1.00
1.39
1.00
1.09
1.50
1.29

Figure 12. SDAS vs. Wall Thickness.
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CONCLUSIONS
Two important results were
obtained from this research. First, an
TYPICAL SOLIDIFICATION TIMES
experimental model was generated for the
156 Al ALLOY CENTRIFUGAL CASTINO
356 aluminum alloy system. This model
0 .0 V
permits
us to
use
analysis of
microstructure to predict solidification
time. The experiment has validated this
model for centrifugal castings. Second, a
sound base has been established for the
solidification model of 356 aluminum
alloy. This base can serve as a reference
aooi
for future work with centrifugal casting at
iaoo
1.00
TOTAL SOLIDIFICATION T O d (MIN)
the University of Missouri-Rolla.
The solidification of a centrifugal
casting has shown some geometrical
effects, such as casting thickness, on
microstructure and solidification time. Figure 13. Typical Solidification Times for CC.
However, these affects do not appear as
significant as in sand castings.
The
inconsistencies across the wall thickness of the centrifugal casting are unusual and almost
opposite that of sand castings. This area of centrifugal casting will require more research.
Other alloy systems can be modeled using the same procedures developed in this work.
This could prove important for industrial applications that use many different alloy systems to
manufacture products. Another important aspect of this research is that it may help industry to
become more efficient and productive. Having a model to generate solidification times allows
for more efficient operation of the machinery. The machinery will only need to operate for a
predetermined amount of time. By increasing the machines’ efficiency, productivity will also
increase.
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